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Abstract

The potential energy surface for the singlet vinylidene - acetylene
rearrangement has been investigated using nonempirical molecular electronic
structure theory. A double zeta plus polarization basis set was used
in conjunction with configuration interaction (CI) including 'single and
double excitations, a total of 13,861 configurations.s Newly developed
analytic CI gradient techniques were used to locate precisely the
vinylidene and acetylene minima and the transition state connecting
them. The classical barrier height is calculated to be 8.1 kcal, or 7.2
kcal after correction for the effects of higher excitations, and our best
estimate of the true classical barrier is 6 kcal (& ~ 1 kcal). Harmonic
vibrational analyses were carried out about each of the three stationmary
points, and zero point energy effects lower the effective barrier by
1.8 kecal. Even for energies below this, however, tunmneling through
the barrier is found to be extremely rapid; for example, with no vibrational
excitation energy (above its zero point energy) the lifetime of vinylidene
with respect to rearrangement to acetylene is calculated to be only
v 10—9 sec, and with 2 kcal of excitation energy this decreases to
n 10_11 sec, These predictions appear to be consistent with the experi-

mental findings of Skell (1972) and Steinfeld (1980).
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Introduction

As the simplest unsaturated carbene,1’2 vinylidene (the H2C=C:
molecule) plays a special role in the organic chemistry of reactive
intermediates. As such there have been a number of theoretical studie33
of vinylidene. From the experimental perspective, the key question is
whether vinylidene in fact exists as a discrete chemical entity. It is

13-17

certainly established that in the circumstances under which the

1,2 hydrogen shift
SC=c: — HC=CH (1)
7

has been observed, it is rapid. To be more blunt, reaction (1) is so
fast that vinylidene has never been identified spectroscopically. Of
course, in the limit of zero activation energy for (1), vinylidene is
no longer a relative minimum on the C2H2 potential energy surface. The
singular laboratory evidence for the existence of_H2CC: comes from
Skell's trapping experimentslA, which suggest a lifetime of the order
of 10—10 seconds.

The only reliable theoretical study to date of the singlet

vinylidene rearrangement (1) yielded a barrier height of 8.6 kcal,lo

From this the true classical barrier was estimated to be 5-8 kcal.18

6,

However recent experiments by Steinfeld and coworkersl 17 have challenged
this theoretical prediction. Steinfeld demonstrated that multiple infra-
red photon excitation of chloroethylene by intense CO2 laser pulses leads
to elimination of HCL. Deuterium labeling studiesl6 showed that the
reaction proceeds mainly via a 3-center elimination, suggesting that

H2C==C: is the initial product. Since acetylene is the only hydrocarbon

product observed, however, the nascent vinylidene must rearrange to

~-12



acetylene before it has the chance to collide with other species and

react to give other hydrocarbon products. Steinfeld_gg_g;il7 then argue
that the barrier for this rearrangement should not be more than the
internal energy with which the vinylidene intermediate is born. Using

an impulsive half-collision model and the data on translational energy
release following multiphoton excitation of HZC==CHCQ, Reiser and
Steinfeld17 estimate a vibrational excitation energy of 2-5kcal in the
vinylidene fragment. Accordingly they conclude that the barrier should
not be greater than 5 kcal, the lower limit of the theoretical estimate,18
5~8 keal.

From the perspective of 3 1/2 year's hindsight. one must therefore
ask whether there is reason to question the reliability of the previous
studylO of the barrier height for (1). Dykstra and Schaefer's study of
the vinylidene isomerization used a reasonable basis set and description
of electron correlation. However several obvious weaknesses do come to
mind. First, the transition state was located in an approximate matter,
assuming a particular reaction coordinate. The recent development of

9

analytic CI gradient techniquesl 0 makes feasible the precise determination
of the saddle point geometry. Secondly, no account was taken of the

effect of higher than double excitations, i.e., configurations differing

by more than two orbitals from the Hartree-Fock reference configuration.21
Third, the effects of zero~point vibrational energy (ZPVE) were ignored

10
by Dykstra and Schaefer, and such effects can be significant, as

noted in a recent study22 of the formaldehyde isomerization

H,CO ~——3 HCOH . (2)

2



For reaction (2), the transition state has 4 kcal less ZPVE than

does formaldehyde,’effectively lowering the classical threshold for the
reaction by this amount, and a similar effect might be operative for

the vinylidene rearrangement., Finally, since the vinylidene rearrangement
primarily involves the motion of only a single hydrogen atom, there is

the possibility that tunneling through the barrier may be fast enough

to lower the effective barrier height even further. Tunneling has, in

23,24

fact, been predicted to be an important feature in the formaldehyde

unimolecular reactions (2) and
HZCO ~=~%‘H2 + CO 5 (3)

at energies as much as v 6-8 kcal below the zero point energy~corrected
barrier heights.

The first goal of the present study is then to re-examine the
vinylidene potential energy surface with an eye to the above-mentioned
shortcomings of the previous theoretical study. Second, the rate constant
for unimolecular isomerization of vinylidene to acetylene needs to be
determined including the effects of tunneling through the barrier. We
then wish to relate these considerably more reliable, state-of-the-art

; p . . 16
theoretical results to the Reiser-Steinfeld experiments™ . to see 1f
theory and experiment are consistent. Finally, the calculated lifetime
(the reciprocal of the unimolecular rate constant) of vinylidene can
, 25 S, s . .
also answer the question = of whether or not it is possible for it to
exist in interstellar gas clouds (it cannot) and can also suggest the

nature of the experiments that might be able to observe it.



The C,H

5 Potential Energy Surface
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A. Theoretical Details.

The basis set used here is essentially the same as that of Dykstra
and Schaefer and is of double zeta plus polarization (DZ+P) quality.
Specifically the Huzinaga~Dunning contracted gaussian basis
C(9s5p/4s2p), H(4s/2s) was augmented‘by a set of p functions on hydrogen
and a set of d4 functions on carbon. All six d-like functions (xz, yz, 229
Xy, %2, yz) were included in the basis and polarization function exponents
were 0.75 (d on carbon) and 1.0 (p on hydrogen). Thus the basis set
included 42 contracted gaussian functions.

Thebeffects of electron correlation were variationally considered

using the loop-driven graphical unitary group approach.27’28

The
configurations included were all single and double excitations‘relative
to the Hartree-Fock reference configuration. Restrictions on the above
were that the two lowest occupied self-consistent-field (SCF) molecular
orbitals were held doubly occupied in all configurations and the two
highest-lying virtual orbitals were deleted from the CI. These four
orbitals are 'all localized in the core or carbon 1ls region and are not
expected to play a significant role in describing the valence electrons.

For point groups Cs and C, (no elements of symmetry other than the

1
identity) the CI's thus described included 7,501 and 13,861 configurations,
respectively.

Using the analytic CI gradient methods19 mentioned above, the
vinylidene and acetylene minima were located precisely, as was the

transition state connecting them.  For each of these three stationary

points, all quadratic force constants in terms of cartesian coordinates



were subsequently computed. The appropriate 12 x 12 matrices were then

diagonalized to yield the harmonic vibrational frequencies,

B. Geometrical Structures.

The three stationary point geometries predicted at the DZ+P CI
level of theory are illustrated in Figure 1. The experimental structure
for acetylene has re(CEEC) = 1,203 and re(C—H) = 1.060,29 both somewhat
smaller than the theoretical predictions. Specifically the predicted
C=C distance in Figure 1 is 0.010 2 greater than experiment and the
predicted C-H distance 0.006 Z too long. Vinylidene has a much longer
predicted carbon-carbon distance, 1.316 Z, consistent with its formal
double bond. Perhaps not too surprisingly, the transition state C-C
distance is intermediate between the two, namely 1.263 2.

Further examination of the transition state structure shows that it
is "closer" to that of the product acetylene than the reactant vinylidene.
This may be seen first by noting that the nonmigrating H-C-C angle is
179.3°, very close to 180° value in acetylene. Secondly the migrating
hydrogen atom is much closer (1.185 Z) to the C étom to which it is
migrating than to the one from whence it came (1.428). This result is
particularly intriguing since it runs counter to Hammond's postulate
that for an exothermic reaction (such as vinylidene =+ acetylene) the

transition state should resemble the reactant.

C. Vibrational Frequencies

The predicted harmonic vibrational analyses are summarized in Table
I.. These DZ+P CI frequencies are expected to be v 3.5% greater than the

: . . . 31
exact harmonic frequencies, based on comparisons for a range of



experimentally characterized molecules, Comparison with the known
. : , . 32,
anharmonic (i.e., v=0 > v=1 energy differences) frequencies™ is

= 3373 em ¥, v, = 1974 cm T,

possible for acetylene, in which case Vv 2

1
Vg = 3295 cm—l, v, = 612 cmsl, Vg = 729 cmel. The differences between
theory and experiment are 210 cm“l (6.2%) 99 cm_l (5.0%), 193 cm“l
(5.9%), -2 c:lm'_1 (-0.3%), and 35 cm—’l (4.8%). Note of course that these
disparities are due both to differences between the theoretical and
exact potential hypersurface and to the neglect of anharmonicity in the
theoretical predictions.

The above comparisons suggest that the predicted vibrational
spectrum of the experimentally unknown vinylidene shohld be quite
reliable. For example, the observation of C-H stretching frequencies
about 240 cm'-l below those of acetylene might be due to vinylidene.
Similarly there is no danger of any of the other vinylidene frequencies
(except the out-of-plane mode predicted at 787 cmnl) being mistaken for
those of acetylene. The biggest drawback to the experimental detection
of the HZC==C: infrared spectrum, as we shall see later, is its very
short lifetime with respect to unimolecular decay.

It is of interest to compare the transition state vibrational
frequencies with those for the closely related22 formaldehyde -
hydroxycarbene rearrangement (2). The main difference, of course,
between these two potential surféces is that the formaldehyde barrier is
more than ten times the vinylidene barrier. Thus it is not surprising
that the imaginary vibrational frequency or reaction coordinate is 23561
for the formaldehyde case, but only 1029i for the vinylidene rearrangement.

In both cases the imaginary mode "borrows" to a considerable degree from

the two hydrogen stretching frequencies of the reactant.



The zero-point vibrational energies of the three stationary points
within the harmonic approximation are 15.46 kcal (vinylidene), 13.63 kcal
(transition state), and 17.00 kcal (acetylene). This means that the
zero-point corrected barrier (or activation energy in the sense of
transition state theory) is 1.83 kcal less than the classical barrier.
Similarly the zero-point corrected exothermicity is predicted to be

1.54 kcal less than the classical exothermicity.

D. Relative Energies.

The DZ+P CI energies at the three stationary points are -77.019235
hartrees (vinylidene), -77.006299 hartrees (transition state), and
-77.082351 hartrees (acetylene). The classical barrier at this level
of theory is therefore predicted to be 8.1 kcal, only slightly less
than the 8.6 kcal obtained by Dykstra and Schaefer.lo Similarly
the classical exothermicity is 39.6 kcal, compared to the Dykstra
prediction of 40.0 kcal.

The Davidson correction21 for unlinked clusters suggests that
their contribution is 14.6kcal for vinylidene, and 15.5 kcal for the
transition state , so that this correction lowérs the classical barrier
to 7.2 kecal. Further basis set expansion and electron correlation might
be expected to lower the barrier another kilocalorie or so, leading to
a "best estimate" for the true classical barrier of 6 kcal (£ v 1 kcal).
Similarly, the best estimate for the zero point energy corrected barrier is

6 - 1.8 = 4,2 keal, with a similar estimated uncertainty of * N 1 kecal.



Dynamics of the Unimolecular Vinylidene Rearrangement

A. The Model.

The most rigorous methodology currently available for describing
tunneling in polyatomic reaction dynamics is based on the reaction
path Hamiltonian recently derived by Miller, Handy, and Adams.33 This
has been applied, for example, to the unimolecular decomposition of
formaldehyde,24 reaction (3), and to the unimolecular isomerization of
hydfogen isocyanide,34 HNC + HCN. The rigorous application of this
approach requires knowledge of the potential energy surface along the
reaction path which connects the saddle point of the potential surface
(i.e., the transition state) to reactants and to products, and also of
the matrix of force constants along the reaction path. For these earlier
applications,za’34 however, it has been found that the much simpler
microcanonical transition state modelz3 ("RRKM plus tunneling'") gives rate
constants which are essentially the same (i.e., within n 207%) as
those given by the more rigorous model. This simpler approach only
requires knowledge of the usual transition state information (i.e.,
the barrier height and vibrational frequencies) and is the method
used to determine the rates reported below. The appropriate formulae
have been given before23 and need not be repeated here. Based on
the earlier results for HNC and HZCO, we expect that these rate

constants should be reliable to v 20-30% for a given set of transition

state parameters.

B. Results and Discussion.

Figure 2 shows the microcanonical rate for the vinylidene
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rearrangement as a function of vibrational excitation energy in

the reactant vinylidene, i.e., the vibrational energy in excess of
its zero point vibrational energy. These rates are for zero total
angular momentum, and they include a factor of 2 due to the symmetry
of vinylidene. The frequencies used for the calculation are those
in Table I . The solid curve in Figure 2 is for the classical
barrier VO = 6 kecal/mole, our best éstimate of the true value, and
the broken curve is the rate for V0 = 8 kcal/mole, which should
certainly be an upper limit to the correct value. The arrows on

the energy axis indicate for each case the zero point energy-adjusted
barrier height, i.e., the threshold for the reaction if turneling

is ignored. One thus sees that tunneling is extremely important in
this reaction.

The tunneling rates in Figure 2 are in good agreement with Skell's
earlier worklé, which indicated a rearrangement rate somewhat greater
than lOlOsec—l, and also with the more recent Steinfeld experimentsl6’l7
which observed no reaction products from vinylidene. Thus with the Vv 2-5
kcal excitation energy estimated by Steinfeld and Reiserl7 the solid
curve in Figure 2 shows a lifetime of only ~ 10~ 11 10~ 13 sec
for vinylidene, and since the time between collisions in the
experiment is " lOw7 sec, vinylidene rearranges to acetylene before
it has the chance to collide and react. This would also be true if
vinylidene were born with no excitation energy, since the lifetime
is only " 10_9 sec for Eex = 0, Even with a barrier of VO =
8 kcal/mole and with an excitation energy Eex > 2 kcal/mole, the
dashed curve in Figure 2 shows the lifetime of vinylidene to be

less than 10*8 sec, so that the results of the Steinfeld—Reiserl7

experiments are actually consistent with a classical barrier as
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large as this.

The lifetime of vinylidene is so short, in fact, that it is
probably of little significance under most chemical conditions. With
a lifetime of v lO"9 sec in its ground vibrational state, though,
it does live long enough to have a well-defined vibrational spectrum,
and techniques for observing IR spectra’on this time scale are

expected36 to be feasible within the next few years.

Another conclusion from these results is that vinylidene does
not live long enough to be present in interstellar gas clouds;25
it will tunnel to the acetylene conformation and be stabilized
there. This is in contrast to the species trans-hydroxymethylene,
HCOH, which has a classical barrier of Vv 36 kcal/mole with respect
to rearrangement to the more stable formaldehyde, HZCO. Using the
latest results?? for the energies and vibrational frequencies of

HCOH and the transition state of HCOH < H,CO, the rate of the

2
HCOH ~ HZCO rearrangement 1is calculated35 to be v lO3 sec~l at an
energy v 20 kcal below the zero point energy-adjusted barrier height,
which corresponds to an excitation energy of v 12 kcal in HCOH.

Since the rate of spontaneous IR emission is " 103 sec—l, this means
that 1if HCOH is formed with less than v 12 kcal of excess vibrational
energy it wiil decay via spontaneous emission rather than by tunneling

to H.,CO, and thus be stabilized as HCOH; HCOH that is formed with

2
more than this amount of energy will tunnel to H2CO and be stabilized

via spontaneous emission in this conformation.

C. Tunneling Rates at Low Excitation Energy.

In concluding this section on the tunneling dynamics of
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vinylidene we note that one may legitimately question the
reasonableness of using the microcanonical transition state model
at very low excitation energies, even Eex + 0. In this energy
region, for example, the reactant molecule is certainly not expected
to behave microcanonically. We discuss this point here.

For energies sufficiently below the classical reaction threshold
that only the ground state of the transition state contributes to
the tunneling, the microcanonical transition state expression23 for

the unimolecular rate constant is

where P is the tunneling probability for one~dimensional motion along

the reaction coordinate, E is the total energy, € is the zero point

0
energy of the transition state, and p(E) is the density of states of
the reactant. If, on the other hand, one uses a separable approximation

for the unimolecular reaction dynamics, the expression for the rate

37
constant is

K(E) = 5= P(E-g ) : (5)

where w, is the frequency of the reactant molecule that correlates with
the reaction coordinate; i.e., wr/Zﬁ is the number of times per second
that the particle hits the barrier as it vibrates classically in the

, . , . ;.38
reactant potential well. This latter model is essentially Slater's
picture of the unimolecular reaction, modified here to include

tunneling.
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The differenée between the transition state expression, Eq. (4),
and the separable expression, Eq. (5), i1s in the frequency factors,
[Zﬂh;ﬁ)(lﬁ.‘.)]”l and wr/Zﬂ, respectively., The frequency W, which correlates
adiabatically with the reaction coordinate 1s the lowest
frequency of the reactant molecule, which for vinylidene is the
LANA cm-'l CH2 rock in Table I . At zero excitation energy the total

energy E is the zero point energy of the reackant,

1 F
E = '2— Zl hwi R (6)

1=

and with the usua139 semi~empirical density of states the frequency

factor of the transition state model is

F
\ JIRCH
PUTTCI IR DR S (7a)
,(3 ® )F—l
=
= w/2m , (7b)

where "a" is the usual empirical parameter introduced by Rabinowitch

For the present system the effective frequency w defined by
Eq. (7) for the tranéition state model differs by less than 10%Z from
the frequency W, = 444 cm—-1 of the separable model, so that one has
some confidence that the results shown in Figure 2 are reasonable even
in the limit of zero excitation energy. This close agreement of the

two models need not always be the case, and for the limit of zero
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excitation energy the separable model is probably the more justifiable
one. One operational way to reconcile the two is to equate the
frequency w defined by Eq. (7) to w. and let this define the value of
the empirical parameter "a" in’the limit E - 0. The value of "a" so
determined no longer relates to the density of states39 but is simply

a parameter which converts the transition state rate expression into

the separable one in the limit of zero excitation energy.

Concluding Remarks

From a broad perspective, the significance of the research reported
here is the demonstration that a reactive intermediate may lie in a
well-defined potential minimum and nevertheless be unobservable by
existing experimental techniques.  Vinylidene, although facing a
classical barrier to isomerization of v 6 kcal, tunnels through this
barrier in .a nanosecond. The pertinence of this finding to

the future detection of similar organic free radicals should be apparent.

Future theoretical research might profitably be directed toward
the question of the much longer lifetimes of substituted vinylidenes,
such as the difluoro and dimethyl species. In the former case, the
potential surface has a higher barrier, but the added (relative to
H,C=C:) stability of dimethylvinylidene could be due to the absence

2

of tunneling by the heavier CH, group.

3
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Table I. Predicted DZ+P CI harmonic vibrational frequencies
for vinylidene, acetylene, and the transition state

connecting them.

Normal
. Mode
Species Frequency Description
3344 CH asym. stretch
3239 ' CH sym. stretch
1710 CC stretch
vinylidene
1288 CCH bend
787 out of plane
444 CH2 rock
3454 CHa stretch
2699 CHb stretch
: 1874 CC stretch
transition state
937 HCC bend
573 out of plane
102914 reaction coordinate
3583 CH asym. stretch
3488 CH sym. stretch
acetylene 2073 CC stretch
764 CCH hend

610 CCH bend
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Figure Captions

Figure 1. Stationary point geometries predicted at the DZ+P CI
level of theory for vinylidene, acetylene, and the
transition state connecting them.

Figure 2. Rate of the vinylidene + acetylene rearrangement as a
function of excess vibrational energy in vinylidene,
i.e. vibrational energy in addition to its zero point
energy. The solid curve is for a classical barrier of
6 kcal/mole and the broken line for. 8 kcal/mole. The
arrows on the energy axis indicate the classical thres-
holds for the reaction (the zero point energy-corrected

barrier height) for the two cases.
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